Rationale Evidence suggests that the progesterone metabolite allopregnanolone (ALLO) decreases cocaine seeking in animal models of relapse. Objective The purpose of this study was to examine the effects of ALLO on an animal model of cocaine and sucrose bingeing (escalation). Allopregnanolone's effects on yohimbine-induced sucrose intake were also examined. In a separate group of animals, dose interactions between ALLO and cocaine were examined with an abbreviated procedure, a short access progressive ratio (PR) schedule for cocaine reinforcement. Methods Female rats were treated with ALLO (15 mg/kg, s.c.) or vehicle (VEH) and trained to lever press for cocaine infusions (0.4 mg/kg) under an extended-access procedure. In a separate condition, other ALLO-and VEH-treated female rats self-administered orally delivered liquid sucrose. Allopregnanolone and VEH treatment was then discountinued and the sucrose-maintained rats were administered priming injections of saline, yohimbine, or yohimbine+ALLO. For the PR condition, rats were first treated with VEH until reaching stability at four doses of cocaine (0.2, 0.4, 0.8, and 1.6 mg/kg in mixed order). Subsequently, rats re-established their baseline cocaine intake at the four cocaine doses following treatment with each of two counterbalanced doses of ALLO (15 and 30 mg/kg). Results ALLO significantly blocked the escalation of cocaine self-administration but did not reliably affect intake of sucrose under a similar condition or affect cocaine intake at several doses under a PR schedule. Yohimbine significantly increased sucrose intake while ALLO failed to attenuate this increase. Conclusion These findings indicate that ALLO protects against binge-like patterns of cocaine intake but does not reduce sugar intake that is acutely increased by yohimbine in females.
Introduction
The transition from steady to dysregulated drug consumption characterizes the escalation phase of the drug abuse process (Ahmed and Koob 1998 , 1999 Kalivas and Volkow 2005) . In humans, escalation represents out-ofcontrol drug binging that is linked to overdose and death (Kalivas and Volkow 2005) . Escalation also occurs in animals with several drugs (Doherty et al. 2009; Kitamura et al. 2006; Lenoir and Ahmed 2008; Rogers et al. 2008; Specio et al. 2008) , and it is typically achieved by increasing the animal's access to the drug (Fitch and Roberts 1993; Lynch et al. 2000; Lynch and Carroll 2001; Morgan and Roberts 2004) . Following increased access, drug intake increases over time, and binge and rest patterns replace steady-state patterns of intake.
Growing evidence suggests that gonadal hormones exert a powerful influence on responses to cocaine in females (Anker and Carroll 2010b) . Women report increased positive subjective effects following administration of cocaine during the estrogen-dominant follicular phase of the menstrual cycle (Evans and Foltin 2006; Evans et al. 2002; Sofuoglu et al. 1999 ) while progesterone administra-tion during the follicular phase attenuates this effect (Evans and Foltin 2006; Sofuoglu et al. 2001 Sofuoglu et al. , 2002 . Similar results were demonstrated with the escalation paradigm using rats in a study by Larson et al. (2007) . Ovariectomized (OVX) and sham-operated female rats that were treated with vehicle (VEH, peanut oil), estrogen, progesterone, or estrogen+progesterone were compared on the escalation of cocaine self-administration under extendedaccess conditions (Larson et al. 2007 ). The results from this study indicated that estrogen treatment in OVX rats increased intake and facilitated escalation while progesterone treatment decreased cocaine intake and attenuated escalation. This study indicated that female gonadal hormones could provide the biological basis for increased vulnerability toward (i.e., estrogen) and protection against (i.e., progesterone) binge-like patterns of cocaine intake in women.
The progesterone metabolite allopregnanolone (ALLO) also exerts an attenuating effect on cocaine-seeking behavior (Anker and Carroll 2010b) . For example, in two recent studies ALLO treatment blocked the reinstatement of cocaine-seeking behavior induced by IP injections of cocaine (Anker et al. 2009 ) and the anxiogenic drug yohimbine, an alpha2-noradrenergic receptor antagonist, (Anker and Carroll 2010a) in female rats. A goal of the present study was to investigate a role for ALLO in suppressing the escalation of cocaine self-administration in female rats. An additional goal was to examine possible dose interactions between ALLO (15 and 30 mg/kg) and cocaine (0.2, 0.4, 0.8, and 1.6 mg/kg) using an abbreviated short-access procedure, a progressive ratio (PR) schedule of reinforcement, as GABA agents such as ALLO have been shown to have dose-dependent effects on several behaviors (Janak et al. 1998; Khisti et al. 2002) . In addition, the escalation procedure does not allow an examination of a wide range of doses of cocaine due to escalation the risk of overdose at higher doses. In contrast, the PR schedule has been extensively used to examine the effects of potential treatment medications on the reinforcing effectiveness of drugs of abuse using several dose ranges (Stafford et al. 1998) .
Previous studies using animal models have shown that escalation also occurred with behavior reinforced by nondrug rewards such as sucrose (Colantuoni et al. 2001 (Colantuoni et al. , 2002 and wheel running (Larson and Carroll 2005) , and females exhibited higher levels of these behaviors than males (Carroll et al. 2008; Cosgrove et al. 2002) . Furthermore, clinical (Edler et al. 2007; Gladis and Walsh 1987; Price et al. 1987 ) and preclinical (Klump et al. 2008; Leibowitz et al. 2007 ) research implicates ALLO's precursor progesterone in the modulation of binge-like patterns of food intake in females. Thus, the effects of ALLO on orally delivered sucrose intake under extended-access conditions were examined in a separate group of rats to determine if ALLO would differentially affect bingeing for a nondrug reward.
Stress is a major factor in drug abuse vulnerability in humans. Several clinical reports indicate that stress also contributes to excessive high-caloric food consumption and unhealthy dietary choices that are associated with obesity (Byrne et al. 2003; Grilo et al. 1989; Kayman et al. 1990 ). Animal models have further confirmed a link between stress and excessive food consumption (Pecoraro et al. 2004) . Furthermore, female hormones influence responses to stress. For example, ALLO attenuated biological (Brunton et al. 2009; Guo et al. 1995) and behavioral responses to stress and blocked stress-induced reinstatement of cocaine-seeking behavior following the administration of yohimbine in female rats (Anker and Carroll 2010a) . Yohimbine elicits a stress-like state in rats (Bremner et al. 1996a, b) , and similar to foot shock, administration of yohimbine increases c-fos and corticotropin-releasing factor (CRF) mRNA in areas of the brain associated with the rewarding effects of drugs of abuse and natural rewards (e.g., food) in rats (Angeles-Castellanos et al. 2007; Funk et al. 2006 ). An additional goal of the present study was to investigate the effects of stress on sucrose self-administration in female rats by administering yohimbine and to determine whether ALLO treatment would attenuate the facilitating effects of yohimbine on sucrose intake.
Materials and methods

Subjects
A total of 51 sexually mature (90-120 days old) female Wistar rats (Harlan Sprague-Dawley, Madison, WI) were used; 21 rats were used in the extended access procedure for i.v. cocaine (VEH, n=13; ALLO, n=8), 19 rats were used in the extended access condition for sucrose (VEH, n=9; ALLO, n=10), and 11 were used in the PR condition. The data for ten subjects in the vehicle-treated group in the cocaine extended access condition were used in a previous study (Larson et al. 2007 ), but three additional rats were added to this group for the present study. The experimental procedures in the present study (i.e., duration of experimental conditions, cocaine dose, etc.) were identical to those used previously (Larson et al. 2007 ). Rats weighed 225-300 g at the beginning of the procedures and were allowed at least 3 days to acclimate upon arrival in the laboratory before experimental testing or i.v. cannulation. During this time they were pair-housed in plastic cages where they had free access to food (Purina Laboratory Chow, Purina Mills, Minneapolis, MN) and water.
Following i.v. cannulation or sham surgery, the rats were placed in operant-conditioning chambers to recover for 3 days, and they remained there for the duration of the study. While in the chambers, they continued to have free access to water, and they were fed 16 g of ground food (Purina Laboratory Chow) at the end of the experimental sessions to maintain consistency in food intake across subjects. These amounts allowed the rats to gain weight slowly during the experiments. All holding rooms were maintained at 24°C and at 40-50% humidity under a light/ dark cycle (12/12 h with room lights on at 6:00 am). The experimental protocols were approved by the University of Minnesota Institutional Animal Care and Use Committee (protocol number 0708A15263), and experiments were conducted in accordance with the principles of laboratory animal care (National Research Council 2003) . Laboratory facilities used in these studies were accredited by the American Association for the Accreditation of Laboratory Animal Care.
Surgical procedure
Rats were surgically implanted with an indwelling catheter in the right jugular vein following the procedure used by Carroll and Boe (1982) . Briefly, the rats were anesthetized with a combination of ketamine (60 mg/kg, IP) and xylazine (10 mg/kg, IP) and administered doxapram (5 mg/kg, IP) and atropine (0.4 mg/ml, 0.15 ml, s.c.) to facilitate respiration. An incision was made lateral to the trachea, the right jugular vein was exposed, and a small incision was made perpendicular to the vein. The beveled end of a polyurethane catheter (MRE-040, Braintree Scientific Inc., Braintree, MA, USA) was inserted and then secured to the vein with silk sutures. The free end of the catheter was guided subcutaneously to the midscapular region of the neck where it exited via a small incision and attached to a metal cannula (C3236, Plastics One, Roanoke, VA, USA) that was embedded in the infusion harness.
Following the surgical procedure, rats were allowed a 3-day recovery period during which antibiotic (gentamicin) and analgesic (buprenorphine) medications were administered. Every 7 days at 3:00 pm, body weights were recorded, and catheter patency was checked by injecting a 0.1-ml solution containing ketamine (60 mg/kg), midazolam (3 mg/kg), and saline (KMS). If a loss of the righting reflex was not manifest upon a KMS catheter patency check, a second catheter was implanted in the left jugular vein following the methods described above and the experiment resumed in 3 days. For the sucrose condition, the rats underwent a sham jugular catheterization surgery to match conditions with the cocaine group, but they were not implanted with a catheter. Following surgery, the rats under this condition were fitted with an infusion harness and tether and allowed to recover for a 3-day period before experimental testing.
Apparatus
Operant chambers were hexagonal in shape with alternating stainless steel and Plexiglas walls. Each operantconditioning chamber contained slots for insertion of stainless steel wall panels, lights, and operant fixtures. Chambers were also fitted with a food receptacle and a panel that allowed placement of a drinking spout into the operant-conditioning chamber. Each operant-conditioning chamber was enclosed in a sound-attenuating melaminecoated wooden cabinet that had a fan for ventilation. Two operant levers were positioned 2.5 cm above the wire mesh floor on opposite sides of the operant-conditioning chamber, and stimulus lights were situated above each lever. In addition, boxes were illuminated with a house light (4.76 W) located in the upper right corner of each operant-conditioning chamber. An infusion pump (Model PHM-100, Med Associates, St. Albans, VT), used to administer response-contingent cocaine during experimental sessions, was positioned outside of the soundattenuating wooden box. A length of plastic tubing (1.52 mm, outer diameter; 0.51 mm inner diameter, Fisher Scientific, Springfield, NJ) extended from the infusion pump to a small plastic swivel (050-0022, Alice King Chatham, Hawthorne, CA) located at an opening at the top of the operant-conditioning chamber. The swivel attached to a metal spring-covered tether (C313CS, Plastics One, Roanoke, VA) that extended into the operant-conditioning chamber where it was secured to a metal cannula guide (C3236, Plastics One, Roanoke, VA) embedded in the rat's infusion harness. The tether was connected to the rat's infusion harness the day after catheterization, and it remained attached throughout the duration of the study.
Chambers for the sucrose self-administration study were identical to the cocaine self-administration chambers described above with the exception that two lick-operated liquid-delivery devices, activated by a tongue contact, were inserted in place of the levers. Stimulus lights were located above the drinking spouts, and they were illuminated for 3 s following a lick on the spout below. A lick on the active spout delivered a single 0.07 ml delivery of 10% sucrose or water, depending on the experimental condition.
Procedure
Following recovery from surgery, rats were trained to selfadminister 0.4 mg/kg/infusion i.v. cocaine during daily sessions under a fixed-ratio 1 (FR 1) schedule of reinforce-ment. Rats received daily s.c. injections of ALLO or VEH one half hour before the start of each self-administration session (8:30 am) throughout the duration of the study. Self-administration training sessions began daily at 9:00 am with the illumination of the house light and ended at 11:00 am with its termination. During each session, a response on the active lever resulted in a single 0.4 mg/kg cocaine infusion (0.025 ml/100 g body weight) and the simultaneous illumination of three multi-colored stimulus lights located directly above the lever. Responses on the other (inactive) lever produced only the illumination of the stimulus lights for the duration of an infusion, but they did not activate the infusion pump. Responses on the inactive lever were considered a measure of activity, and responses on both levers were recorded using a Med-PC IV software (Med Associates, St. Albans, VT., USA) during each session. During self-administration training, sessions began with three experimenter-administered cocaine infusions each separated by 2 s, and levers were subsequently baited with approximately 0.5 g of food. The criteria for the acquisition of cocaine self-administration consisted of no steadily increasing or decreasing trend in responses, an average of ≥30 infusions over a 3-day period, and a minimum active/inactive lever response ratio of 2:1. Once rats met these criteria, priming injections and placement of food on levers ended, and the subsequent experimental condition commenced.
Following the acquisition of cocaine self-administration in the extended access to cocaine condition, a separate group of rats was allowed to continue self-administering i.v. cocaine (0.4 mg/kg/infusion) during three short access (ShA) sessions (2 h/day, 9:00-11:00 am) under a FR 1, 20-sec timeout schedule of reinforcement. Rats were then given long access (LgA) (6 h/day, 9:00 am-3:00 pm) to cocaine self-administration (0.4 mg/kg/infusion, i.v.) for 21 days under a FR 1, 20-sec timeout schedule of reinforcement. The 0.4 mg/kg dose of cocaine was selected as it produces robust escalation of cocaine selfadministration under similar extended-access conditions (Larson et al. 2007 ). Self-administration under the 3-day ShA condition was retested after the LgA phase in order to determine if escalation led to changes in ShA cocaine intake.
Escalation of cocaine self-administration occurs under a narrow range of doses, and it precludes an analysis of large doses of cocaine due to the risk of overdose. In order to examine dose interactions between ALLO and cocaine, a separate group of rats was allowed to self-administer four doses of cocaine under a ShA PR schedule following treatment with two doses of ALLO. Initially, the rats were trained to lever press following the same acquisition procedure detailed above (i.e., 0.4 mg/kg i.v. cocaine, FR 1, 2 h sessions) with the exception that injections of VEH and ALLO were not given. Following acquisition under the FR 1 schedule, the rats were allowed to self-administer four doses of cocaine (0.2, 0.4, 0.8, and 1.6 mg/kg in mixed order) during the 2-h sessions (9:00 am-11:00 am) under a PR schedule. During this time, VEH was administered 30 min prior to each session (8:30 am). Following stable intake at each dose (3 days with no increase or decrease in cocaine infusions) the rats were treated with either 15 or 30 mg/kg ALLO (8:30 am), and dose-response curves were re-established. Dose-response curves were then established following administration of an ALLO dose alternated in counterbalanced order.
For the sucrose self-administration procedure, following the stabilization of water intake after surgery (≥20 ml water consumed for three consecutive days), the rats were trained to drink water through the lick-operated spouts. The next morning, the rats achieved stable water intake from the water bottle; water bottles were removed from the operant chambers, the 500-ml reservoir was filled with tap water, and the rats subsequently had 24-h access (8:00 am to 8:00 am the next day) to water contingent on contact with the active spout. During this time, a contact on the inactive spout was recorded, and it produced the same stimulus conditions as a contact on the active spout, with the exception that it did not deliver water. The next day the water bottle was returned to the operant-conditioning chamber. If a rat obtained 100 or more deliveries during the 24-h training session, the water in the 500-ml reservoir was replaced with a 10% (w/v) sucrose solution, the session length was changed to 2 h (9:00 am to 11:00 am), and the rats began treatment with VEH or ALLO (s.c. at 8:30 am). After meeting this criterion, the water bottle was returned to the operant-conditioning chamber, and the rats were once again allowed 24-h access to water throughout the remainder of the study. If a rat did not meet the acquisition criteria during the 24-h training session, the water bottle was returned for at least 3 days until water intake again stabilized, and the 24-h training session resumed the following day. If a rat did not achieve acquisition after three training sessions, it was excluded from the study. Following acquisition, the rats self-administered sucrose during three 2-h ShA sessions (9:00 am to 11:00 am), and session length was extended to 6 h (LgA) (9:00 am to 3:00 pm) for 21 days. Sucrose intake under the ShA condition (3 days) was then reassessed following LgA. A 10% sucrose solution was used in this experiment as it has previously been shown to reliably produce escalation of sucrose intake under extended-access conditions (Rada et al. 2005) .
Following the last post-LgA ShA session, ALLO and VEH treatments were discontinued, and the rats were allowed to continue self-administering 10% sucrose during ShA sessions for at least seven additional days to allow sucrose intake to stabilize and the ALLO levels to dissipate. Subsequently, the rats were administered saline, VEH+ yohimbine (Y, 2.5 mg/kg), or ALLO (A, 15 mg/kg)+Y (2.5 mg/kg) priming injections on separate days using a within-subjects procedure described previously (Anker and Carroll 2010a) . Injections occurred in the following sequence: S, V+Y, S, A+Y, S, V+Y. Yohimbine or S was injected immediately before the beginning of the session, and on the A+Y day ALLO was administered 30 min before the session (8:30 am).
Drugs
Cocaine HCl was provided by the National Institute on Drug Abuse (Research Triangle Institute, Research Triangle Park, NC), dissolved in a sterile 0.9% saline solution at concentrations of 0.8, 1.6, 3.2, 6.4 mg cocaine HCl/ml saline and refrigerated. To extend catheter patency, the anticoagulant heparin (1 ml heparin/200 ml of saline; 190 USP units of heparin per kilogram) was added to the cocaine solution. The flow rate of each infusion was 0.025 ml/s, and the duration of pump activation (1 s/ 100 g body weight) was adjusted weekly following catheter patency checks to reflect changes in weight and maintain a constant cocaine dose. ALLO (20 mg/ml) was dissolved in peanut oil. ALLO and peanut oil were purchased from Sigma-Aldrich (St. Louis, MO). A 15 mg/kg dose of ALLO was used as it had been shown to produce relatively stable brain concentrations of ALLO 2 h following an s.c. injection that are within the physiological range during pregnancy (Lancel et al. 1997) , and it attenuated cocaine-and stress-induced reinstatement of cocaine seeking in female rats (Anker and Carroll 2010a; Anker et al. 2009 ). In addition, in a previous study we demonstrated that an ALLO dose two-fold higher had no effect on baseline measures of locomotor activity or food maintained responding in female rats (Anker et al. 2009 ). Injections of yohimbine (2 mg/ml; Yohbine Injection®, Lloyd Laboratories, Shenandoah, IA) were administered IP at a dose (2.5 mg/kg) that has been shown to reliably produce reinstatement of cocaine-seeking behavior (Anker and Carroll 2010a; Feltenstein and See 2006) .
Estrous cycle phase determination
Samples of the vaginal mucosa were taken at 8:00 am before each self-administration session for the rats in the sucrose condition to determine if sucrose intake changed across different phases of the estrous cycle. The estrous cycle was not monitored in rats self-administering cocaine, as cycle progression is severely disrupted following extended access to cocaine self-administration precluding a direct comparison of drug intake across estrous phase (Larson et al. 2007 ). Cells were collected from the rats via a saline-dampened cotton applicator, placed on microscope slides stained with methylene blue, and promptly coverslipped. The diestrus, proestrus, estrus, and metestrus phases were identified from the prototypic cytologic morphology described by Montes and Luque (1988) .
Data analysis
Active and inactive lever responses and cocaine infusions during LgA were averaged into seven blocks of 3 days each and analyzed using a two-factor repeated-measures ANOVA (group X block). Responses and infusions during the first through sixth hour of LgA were also analyzed with two-factor repeated-measures ANOVA for days 1, 7, 14, and 21 of LgA (group X hour). Seven-day increments were selected as escalation of intake was steady and we wanted to determine hourly intake at several time points during the escalation procedure. The number of cocaine infusions during ShA sessions before and after LgA were analyzed using a two-factor repeated-measures ANOVA (group X phase). The same statistical procedures to analyze cocaine deliveries during the ShA and LgA conditions were used to analyze sucrose deliveries in the sucrose self-administration condition. A two-factor ANOVA (group X estrous cycle phase) was used to compare sucrose deliveries during the estrus, proestrus, and metestrus/diestrus phases of the estrous cycle. A two-factor repeated-measures ANOVA (ALLO dose X cocaine dose) was used to analyze active and inactive responses, breakpoints, and cocaine infusions earned under the PR schedule.
Responses following S, Y, or A+Y injections in the sucrose condition were compared using a single-factor repeated-measures ANOVA. After a significant main effect, post-hoc tests were conducted using Fisher's LSD protected t tests. All statistical analyses were conducted using GB Stat (Dynamic Microsystems, Inc., Silver Spring, MD).
Results
Cocaine self-administration
Mean body weights for VEH-and ALLO-treated rats selfadministering cocaine did not differ across the LgA condition (VEH: day 1=283±10.17, day 21=280±6.98; ALLO: day 1=264±6.89, day 21=264±8.23). Figure 1 illustrates the mean (± SEM) number of cocaine infusions (0.4 mg/kg) self-administered under the FR 1 schedule during each day of LgA (6 h/day) to cocaine selfadministration. There was a significant main effect of group (F 1,146 =12.313, p<0.01), and a significant group X block interaction (F 6,146 =5.126, p<0.01), but no main effect of block (F 6,146 =2.046) on the number of cocaine infusions self-administered during LgA. Post-hoc comparisons indicated that compared to the first 3-day block, VEH-treated rats increased (escalated) cocaine selfadministration compared to blocks 3-7 (ps<0.05), while ALLO-treated rats maintained stable cocaine intake throughout the escalation procedure. Group comparisons revealed that the VEH-treated group self-administered significantly more cocaine than the ALLO group in blocks 2-7 but not block 1. Thus, ALLO blocked the escalation of cocaine self-administration; however, these differences were not apparent until the fourth day (second block) of extended access. ALLO-treated rats earned significantly fewer infusions than VEH-treated rats across all 6 h of the session on days 14 and 21 (ps<0.05) (Fig. 2 ). There were no within-group differences between hours 1-6 during the first, seventh, 14th, and 21st LgA sessions in either group. Figure 3 illustrates the mean (±SEM) number of cocaine infusions self-administered under ShA (2 h/day) conditions, assessed either before (black bars) or after (white bars) exposure to LgA conditions. There was a significant effect of group (F 1,41 =7.113, p<0.05) and condition (before or after LgA) (F 1,41 =9.050, p<0.01) on cocaine infusions, but there was not a significant group X phase interaction. There were no significant main effects or interactions for active and inactive lever presses during the LgA and ShA conditions. Table 1 shows the mean (±SEM) number of 0.2, 0.4, 0.8, and 1.6 mg/kg cocaine infusions earned under the PR condition following VEH, 15 mg/kg ALLO, and 30 mg/kg ALLO. ALLO at the 15 and 30 mg/kg doses did not significantly disrupt cocaine intake across all doses of cocaine. However, at the higher dose of ALLO and lowest dose of cocaine there was a trend toward fewer cocaine infusions earned (Fe).
Sucrose self-administration
Mean body weights for VEH-and ALLO-treated rats selfadministering sucrose were higher than those for the cocaine condition, but they did not differ across the LgA condition (VEH: day 1=306 g±6.9 g, day 21=329 g± 8.01 g; ALLO: day 1=305±7.74, day 21=331±9.75). There were no significant main effects or interactions for sucrose deliveries, active spout licks, and inactive spout licks during LgA and ShA to sucrose self-administration in ALLO-and VEH-treated rats (data not shown). However, there was a trend toward increased sucrose intake in the ALLO-treated group, suggesting that ALLO facilitated sucrose intake (F 1,132 =2.500) (Fig. 4) .
Sucrose intake was also elevated in both groups during the first hour of the session compared to the subsequent hours across all days (Fig. 5 ). There were no differences in sucrose intake across different phases of the estrous cycle in either group (data not shown). Figure 6 illustrates the mean sucrose deliveries following saline, yohimbine+VEH, or yohimbine+ALLO injections. There were no significant differences in sucrose intake between rats that were previously treated with ALLO or VEH under this condition; therefore, these data were combined. On the first, second, and third day of yohimbine Fig. 1 Data represent the mean (±SEM) cocaine infusions selfadministered by female rats each day of the LgA phase. Horizontal lines indicate 3-day intervals during which VEH-treated rats earned more infusions than ALLO-treated rats (p<0.05). ( †) p<0.05 block 1 <blocks 3-7 in the VEH group Fig. 2 Mean (+SEM) hourly cocaine infusions (per 6-h session) self-administered by VEH-and ALLO-treated rats during the 1st, 7th, 14th, and 21st days of LgA. Horizontal lines indicate significant group differences across all of the hours during the 14th and 21st days of LgA administration, the rats earned significantly more sucrose deliveries than on the preceding days when saline was administered (ps<0.01). However, there were no differences in sucrose intake when ALLO was administered on the second day of yohimbine administration (A + Y) compared to when yohimbine was administered with VEH. These results indicated that ALLO did not reduce yohimbine-induced sucrose intake.
Discussion
The results of the present experiment showed that ALLO attenuated the escalation of cocaine self-administration in female rats. These results are similar to those reported for other phases of the drug abuse process. For example, ALLO treatment decreased cocaine- (Anker et al. 2009 ) and yohimbine-(Anker and Carroll 2010a) primed reinstatement of cocaine seeking in female rats and blocked acute convulsions (Gasior et al. 1999 ) and kindling (Kaminski et al. 2003) following the administration of a large dose of cocaine in male mice. Together these results indicate that ALLO attenuated the effects of cocaine across different phases of the drug abuse process.
Escalated cocaine intake or bingeing is hypothesized to be regulated by an increasing negative emotional or withdrawal state. The negative emotional state involves recruitment of the CRF system following chronic and sustained cocaine use (Koob 1999; Mantsch et al. , 2008 . Agents that normalize CRF activation and alleviate this negative emotional state may be useful in treating episodes of cocaine bingeing. For example, in a recent study by Specio et al. (2008) , administration of CRF antagonists decreased cocaine intake under extended-access conditions but were less effective in attenuating intake under shortaccess conditions. Interestingly, previous work indicates that ALLO attenuates the release of CRF following exposure to stress (Drugan et al. 1993; Owens et al. 1992; Patchev et al. 1994; Purdy et al. 1991) ; and in the present study, ALLO administration blocked the development of escalation in rats self-administering cocaine under LgA. Similar to the results with CRF antagonists (Specio et al. 2008) , ALLO had no effect on cocaine self-administration during 2-h sessions under an FR 1 (pre-escalation) and PR schedule of reinforcement in the present study. Thus, ALLO may attenuate cocaine bingeing by normalizing CRF levels induced by chronic cocaine use.
ALLO is a potent positive allosteric modulator of the GABA A receptor, and this may also account for its attenuation of cocaine self-administration. Drugs that facilitate GABA A neurotransmission antagonize the effects of CRF (Heberlein et al. 2008 ) and inhibit cocaine-induced extracellular dopamine in the nucleus accumbens and striatum in rodents (Dewey et al. 1997; Finlay et al. 1992; Giorgetti et al. 1998; Morgan and Dewey 1998) . Furthermore, administration of GABAergic drugs (e.g., topiramate and baclofen) attenuated cocaine self-administration in rats (Campbell et al. 1999 (Campbell et al. , 2002 and have shown some similar results in treating drug dependence in humans (Kalivas 2007; Karila et al. 2008; Ling et al. 1998; Reis et al. 2008; Shoptaw et al. 2003) .
There are several alternative explanations that may account for attenuating effects of ALLO on the escalation of cocaine self-administration. It is possible that ALLO blocked tolerance to cocaine thereby attenuating escalation. The putative mechanisms by which drug intake escalates (tolerance, (Zernig et al. 2007 ). Another possible explanation of ALLO's mechanism may involve interaction with cocaine pharmacokinetics. However, previous findings indicate little to no effect of the menstrual cycle on plasma levels of cocaine or its metabolites following smoked and i.v. cocaine in women (Evans and Foltin 2004; Mendelson et al. 1999; Sofuoglu et al. 1999 ) and nonhuman primates (Evans and Foltin 2004 ). In addition, several studies with female rats indicate that plasma levels of cocaine's metabolite benzoylecgonine are not altered in progesterone-treated vs. VEHtreated OVX rats (Niyomchai et al. 2006; Perrotti et al. 2001; Quinones-Jenab et al. 2000) . These results suggest that the mechanism by which progesterone and/or ALLO attenuates cocaine-seeking behavior does not include alteration of cocaine's pharmacokinetic profile. Currently there are a few studies that have examined the role of ALLO in drug abusing human populations. Alcohol, a substance that is consumed in a binge-like pattern, has been the most extensively studied, and findings suggest a role for ALLO in the suppression of withdrawal symptoms from alcohol. In two studies, decreased biosynthesis of ALLO increased the severity of withdrawal symptoms in alcoholics (Hill et al. 2005; Romeo et al. 1996) , while the reinstatement of baseline levels of ALLO alleviated alcohol withdrawal symptoms (Hill et al. 2005) . In another study, baseline plasma levels of ALLO were far lower in smokers compared to nonsmoking controls (Childs and de Wit 2009 ). More work is needed to examine the influence of ALLO on withdrawal symptomatology that may drive continued abuse of drugs.
Palatable substances and drugs of abuse share several common features (Avena et al. 2008; Carroll et al. 2008) . In one study, rats given 12-h access to a 10% sucrose solution exhibited binge-like patterns of sucrose intake (Rada et al. 2005 ) that resembled the escalated patterns typically found in rats with extended (6 h) access to i.v. cocaine. Despite a noticeable increase in sucrose intake during the first compared to subsequent days under extended access, this result was not significant in the present study. One explanation for the discrepancy between these studies may be that the 6-h session was not an adequate amount of time for rats to escalate their 10% sucrose intake. For example, in other studies examining sucrose escalation a 12-or 24-h extended-access procedure was used. An additional discrepancy that may account for the differences in results is that an automatic drinking device was used to deliver sucrose solution in the present study, while in previous studies that have demonstrated escalation of sucrose intake, a standard drinking spout was used (Rada et al. 2005) . This is especially pertinent given that the form of operant response modulates the development of escalation during extendedaccess sessions for food reinforcement (Goeders et al. 2009 ).
In the present study, ALLO did not have an effect on sucrose deliveries. This lack of a significant effect of ALLO on liquid sucrose intake was also reported under ShA (1 h) conditions in a previous study (Janak and Michael Gill 2003) . These results suggest that ALLO selectively reduces drug intake. The trend toward increased sucrose intake in the present study was consistent with previous work demonstrating that ALLO increased food consumption in male and female rats (Chen et al. 1996; Higgs and Cooper 1998; Reddy and Kulkarni 1999) . These findings suggest that ALLO has opposite effects on drug-vs. foodmaintained behavior.
An additional feature that is shared between palatable substances and drugs of abuse is that both are consumed at a higher rate under stressful conditions. In the present study, rats that were administered the anxiogenic drug yohimbine significantly increased sucrose intake under a 2-h access condition. This result was similar to previously reported findings indicating that yohimbine (Ghitza et al. 2006; Richards et al. 2008) or other stressful stimuli (Silveira et al. 2000) dramatically increased palatable food intake and food-seeking behavior in rats. Similar patterns were also found in cocaine seeking under similar stressful conditions (Anker and Carroll 2010a) .
In a previous study we demonstrated that ALLO blocked yohimbine-induced reinstatement of cocaine seeking (Anker and Carroll 2010a) . This result did not extend to sucrose self-administration in the present study, as there were no differences between responding for sucrose following the administration of ALLO+yohim-bine compared to when yohimbine was administered with VEH. These results suggest that the suppressant effects of ALLO are specific to yohimbine-induced cocaine seeking and do not affect yohimbine-induced responding for a nondrug reward. It is possible that different results would have occurred had the ALLO+Y day preceded VEH+Y. However, the purpose of this component was to examine the effect of ALLO on yohimbine-induced sucrose selfadministration in a within-subjects procedure. Therefore, the ABA design (VEH+Y, ALLO+Y, VEH+Y), also used in Anker and Carroll (2010a) , was used to investigate the interaction of ALLO and yohimbine while ruling out a time effect. Since responding on the first VEH+Y day, the Y+ALLO day, and the second VEH+Y day did not differ, it is unlikely that the order of the injections or their position in sequence over time contributed to the results seen.
In summary, the results of this experiment demonstrated that ALLO blocked the escalation of cocaine selfadministration but did not affect cocaine intake under a PR schedule or sucrose intake over a 21-day extendedaccess condition. In addition, injection of the anxiogenic drug yohimbine increased sucrose intake under a subsequent ShA condition and similar to sucrose intake under extended access, ALLO failed to disrupt yohimbineinduced sucrose intake. Taken together, these results indicate that fluctuations of endogenous levels of ALLO may correspond with increased or decreased vulnerability to engage in binge cocaine use in women.
